Introduction: The tissue hemoglobin index (THI) is a hemoglobin signal strength metric provided on the InSpectra™ StO 2 Tissue Oxygenation Monitor, Model 650. There is growing interest regarding the physiologic meaning of THI and whether a clinically useful correlation between THI and blood hemoglobin concentration exists. A series of in vitro and in vivo experiments was performed to evaluate whether THI has potential utility beyond its primary purpose of helping InSpectra™ device users optimally position a StO 2 sensor over muscle tissue.
Introduction
The InSpectra™ StO 2 Tissue Oxygenation Monitor, Model 650 (Hutchinson Technology Inc., Hutchinson, MN, USA) provides continuous non-invasive assessment of tissue hemoglobin oxygen saturation (StO 2 ) in the clinical setting. Depressed StO 2 has been shown to correlate with the severity of systemic hypoperfusion and mortality in traumatic shock patients [1, 2] and septic shock patients [3, 4] . In addition to StO 2 , the InSpectra™ monitor displays the tissue hemoglobin index (THI), a measurement of hemoglobin signal strength useful for determining whether the StO 2 sensor is optimally positioned over muscle.
There is growing interest as to whether the THI is clinically useful beyond guiding the placement of a StO 2 sensor. More recently the THI has been studied during the clinical assessment of tissue oxygen perfusion status to convert an StO 2 downward slope during arterial occlusion to an index of local oxygen consumption [5] and to assess microvascular reactivity when blood flow is re-established after arterial occlusion [6] . Since invasive blood draws are not always feasible in patients, researchers have sought to establish a link between non-invasive continuous tissue hemoglobin measurements (THCs) and blood total hemoglobin concentration (Hbt) [7] [8] [9] [10] .
The THI measured over the thenar eminence is potentially comparable with THC in muscle, typically <1 g/dl. Since the near-infrared spectroscopy (NIRS) method for measuring the THI assumes a constant but unknown optical path length, the measured tissue volume is unknown. Absolute contribution from myoglobin, there is uncertainty whether THI is sensitive to muscle THC and possibly Hbt.
To clarify the physiologic meaning of the THI and to provide InSpectra™ researchers with insight into whether the THI has value beyond StO 2 sensor placement, a series of in vitro and in vivo experiments was performed. Since no gold standard for muscle hemoglobin concentration exists, we sought to demonstrate that the THI algorithm is specific and sensitive to Hbt in isolated blood-tissue phantoms. To evaluate THI variation and to establish a normal reference range for human thenar eminence muscle, the THI was measured in 434 healthy subjects. To estimate the potential contribution of myoglobin and to provide an estimate of the lowest obtainable THI measurement, 30 healthy subjects underwent hand/ forearm blood volume exsanguination with an Esmarch bandage tourniquet procedure. Additionally, the same 30 subjects underwent head-of-bed elevation and pneumatic cuff-induced arterial/venous occlusion to evaluate variable tissue blood volume conditions that could be encountered in a clinical setting and could confound any correlation between the THI and Hbt. Isovolumetric hemodilution was performed in five pigs to evaluate the potential correlation of the THI to Hbt.
Materials and methods

Tissue hemoglobin index measurement equipment
The InSpectra™ StO 2 Tissue Oxygenation Monitor emits and detects wavelengths of light at 680 nm, 720 nm, 760 nm, and 800 nm that transcutaneously illuminate and backscatter from human thenar eminence muscle at a maximum depth of 15 mm. Light returned to the monitor is converted into two second-derivative attenuation measurements centered at 720 nm and 760 nm. The optical hardware and calculations necessary for the second-derivative attenuation and StO 2 measurements have been previously described [11] .
Tissue hemoglobin index algorithm and calibration
It has been previously shown that 760 nm second-derivative attenuation measurements are specific to deoxyhemoglobin optical absorbance [12] and that the blood hemoglobin oxygen saturation (SO 2 ), Hbt, and traversed distance of light (optical path length) are three primary physiologic variables that affect the 760 nm second-derivative optical attenuation signal (2D 760 ) [11] . Hbt can therefore be determined for a given magnitude of SO 2 and optical path length using 2D 760 spectral measurements.
For the present study, the optical path length was not measured. The optical path length for a given wavelength, being grossly dependent upon the optical sensor's distance between the illumination and detection optical fibers, is assumed constant. The THI therefore represents the amount of total hemoglobin within an unknown volume of tissue, and accordingly has arbitrary measurement units. The mean signal depth is estimated to be one-half of the optical sensor spacing, with the maximum signal depth equal to the probe spacing distance (7.5 mm and 15 mm, respectively) [13] .
At each possible level of SO 2 there is a corresponding linear slope coefficient that empirically describes how 2D 760 changes with Hbt at a given hemoglobin oxygen saturation and optical path length. The THI measurement first requires measurement of the StO 2 , before selecting the linear slope coefficient value M SO 2 used to calculate the THI as follows:
The probe scaling factor (PSF) can be used to obtain a common THI scale between different optical probe spacings or optical path lengths. Since all measurements in the present study were obtained with a 15 mm optical probe spacing, the PSF was set to 1.
A custom-made, isolated, dual-layer blood-tissue phantom apparatus [11] was used to acquire the linear slope coefficient values needed to calibrate the THI to Hbt in a tissue phantom. Whole bovine blood containing 10 units/ml heparin, and diluted to 10 g/dl Hbt with 0.9 wt% saline, was pumped through the blood-tissue phantom. The optical sensor was connected to the dual-layer flow cell apparatus. Paired values of StO 2 and 2D 760 were recorded and saved as the blood SO 2 was slowly varied between 0 and 100%. For each paired recording of StO 2 and 2D 760 , a linear slope coefficient value was calculated (Equation (1), PSF = 1, THI arbitrarily set to 10 at 10 g/dl Hbt). A nonlinear curve fit of linear slope coefficient versus StO 2 was used to produce a calibration look-up table relating the linear slope coefficient to each StO 2 level ranging from 0 to 99.9%, in 0.1% increments. The resultant look-up table was installed within the monitor's software to permanently calibrate THI to 2D 760 for all possible levels of StO 2 .
Isolated blood-tissue phantom: tissue hemoglobin index sensitivity to total hemoglobin To evaluate the robustness of the THI algorithm to StO 2 changes at constant Hbt, the dual-layer blood loop apparatus was set up to create low THI, medium THI, and high THI conditions. Low THI (~5.8) was created with the flow cell having a 1.0 mm blood layer thickness and 6 g/dl inlet Hbt. To achieve medium THI (~11.4), the inlet Hbt was increased to 12 g/dl at 1.0 mm blood layer thickness. To obtain high THI (~18.0), the blood layer thickness was increased from 1.0 to 1.5 mm at 12 g/dl inlet Hbt. At each THI level, StO 2 was adjusted by changing the membrane oxygenator inlet gas concentration from 21% to 0% oxygen, with 5% carbon dioxide and nitrogen for the remaining balance. StO 2 and the THI were continuously recorded in order to obtain a linear regression model correlating the THI to StO 2 for all three THI levels.
Since no standard exists for the in vivo THC, a homogeneous tissue phantom consisting of Intralipid (Fresenius Kabi Clayton L.P., Clayton, NC, USA) and blood was used to evaluate the correlation of the THI to THC. This correlation was studied from zero THC to the estimated upper limit of THC within a volume of muscle tissue, 0.2 mM [14] or 1.3 g/dl. Twenty milliliters of whole bovine blood, with 17.1 g/dl Hbt and 10 units/ml heparin, was added in 1 ml increments to a 500 ml mixture of 0.4 wt% Intralipid, 0.9% sodium chloride, 70% deionized water and 30% deuterium oxide. Deuterium oxide was used to optically adjust the tissue phantom to be optically equivalent to a muscle water concentration of 70 wt% [15] . The optical sensor was immersed within the Intralipid-blood mixture equilibrated to 6.2% oxygen, pH of 7.4 and a temperature of 37ºC. The StO 2 level of the mixture ranged from about 65 to 75%. To evaluate the THI sensitivity to different tissue scattering properties that could change the optical path length and the correlation of the THI to THC, the homogeneous tissue phantom procedure was replicated with 0.8 wt% and 0.2 wt% Intralipid.
The estimated optical scattering coefficients at 800 nm for the 0.2 wt%, 0.4 wt% and 0.8 wt% Intralipid solutions, prior to adding blood, are 2/cm, 4/cm, and 8/cm, respectively [16] . Red blood cells contribute to the overall scattering coefficient and are estimated to contribute another 2/cm to the 800 nm scattering coefficient at 2% hematocrit or about 0.67 g/dl [17] . An IL 682 Co-Oximeter (Instrumentation Laboratory, Lexington, MA, USA) was used to measure the Hbt of the whole blood added to the Intralipid solution.
Human study volunteers: normal tissue hemoglobin index range
This was a prospective, single-center, observational study in 434 nonhospitalized human volunteers who were employees of Hutchinson Technology Inc. All human studies were approved by the Western Institutional Review Board of Olympia, Washington. Males and females were enrolled who were 18 years and older, who had intact skin on the thenar eminence, and who gave written informed consent. There were no exclusion criteria.
Continuous thenar muscle StO 2 and THI measurements were obtained from the right hand of resting subjects for 5 minutes. Heart rate and blood pressure were recorded before and after the StO 2 and THI monitoring period. Collected demographic information included gender, age, ethnic group, smoking behavior, height, weight, and hand dominance.
Blood pressure and heart rate were measured in 271 study volunteers with a health station (Model 300; LifeClinic International, Rockville, MD, USA). During these measurements, study volunteers sat upright in the health station's chair with the measured arm resting on the station's arm rest and the elbow angled at 90 to 135°. In the remaining 163 individuals, blood pressure and heart rate were obtained with a different automatic blood pressure monitor (Model HEM-711ACN; Omron Healthcare Inc., Bannockburn, IL, USA). The subjects rested in a reclining chair with elbow angles of 135 to 180°. An interim analysis of the first 271 subjects revealed a thenar StO 2 reference range lower than previously reported [18] . The previous study did not report the posture of their nonambulatory study subjects. After corresponding with an author of the previous study, we measured our remaining 163 study subjects in a reclined sitting posture to better replicate what was previously done [18] .
Human study volunteers: induced upper-extremity ischemia and exsanguination
This was a prospective, single-center, observational study in 30 nonhospitalized human volunteers, all employed by Hutchinson Technology Inc. The sample population included an equal number of males and females aged 18 to 65 years who had intact skin on the thenar eminence, and who offered written consent. Exclusion criteria included history of limb injury or surgery, vascular disease, coagulopathy, or inability to ingest 325 mg acetylsalicylic acid before starting the study.
Continuous thenar StO 2 and THI measurements were obtained from both thenar sites of volunteers at rest on a gurney. Head-of-bed elevation was adjusted from 60° to 30°t o 0° with at least 5 minutes of rest between adjustments. An automated pneumatic tourniquet (A.T.S. 2000; Zimmer Inc., Warsaw, IN, USA) was placed around the upper arm and inflated to 200 mmHg for 5 minutes. Upon releasing the cuff pressure for 5 minutes and observing StO 2 recovery, the pneumatic tourniquet was inflated to 50 mmHg to create venous blood flow occlusion for 5 minutes. After 5 minutes and StO 2 recovery, the StO 2 sensor was removed from the opposite hand to conduct the exsanguination procedure.
To accomplish exsanguination, the arm was supported in a vertical position for 1 minute. A 600 ml intravenous bag, filled with 375 ml water, was placed in the palm of the hand to evenly distribute the bandage pressure [19] . A 4 inch Esmarch bandage (Tetra Medical Supply Corp., Niles, IL, USA) was single wrapped with a one-half overlap from the finger tips to the upper forearm. The pneumatic cuff was then placed around the forearm, proximal to the elbow, and was inflated to 200 mmHg. After cuff inflation, the Esmarch bandage was removed and the StO 2 sensor was reapplied to the thenar site. The elapsed time from application of the Esmarch bandage to cuff deflation did not exceed 6 minutes. The left and right hands of both male and female groups were alternately assigned to either the blood vessel occlusion or exsanguination procedures.
Previous research using a scintigraphic technique with injected radiolabeled erythrocytes has shown that a similar exsanguination procedure applied to the upper limb of 10 healthy volunteers provides an average 69% reduction in tissue blood volume [20] . For our study, the estimated nadir THI for 100% blood volume reduction (THI 100 ) was estimated from the nadir THI measured during exsanguination (THI 69 ), having an assumed 69% volume reduction in blood. With THI prior to exsanguination (THI 0 ) measured, the following equation was used to calculate THI 100 :
(THI 0 -THI 69 ) THI 100 = THI 0 -(2) 0.69
Heart rate and blood pressure were recorded before the StO 2 and THI monitoring period. Collected demographic information included gender, age, ethnic group, height, weight, and hand dominance.
Porcine hind limb: blood hemoglobin dilution
The University of Minnesota Animal Use Committee, in accordance with established guidelines for the treatment of laboratory animals, approved this study of five male pigs weighing 18 to 28 kg each. Prior to anesthesia induction, a subcutaneous tissue depth ≤1.5 mm was verified with a skinfold caliper. Intramuscular ketamine 20 mg/kg and intravenous propofol 2 to 6 mg/kg were used to induce anesthesia. After intubation, anesthesia was maintained with 60% inhaled nitrous oxide and continued administration of propofol. One dose of intravenous heparin 100 units/kg was given, administered after surgery.
An InSpectra™ optical sensor was applied to the mid medial thigh of both hind limbs. A pulmonary artery catheter was placed via the internal jugular vein and an arterial line was placed into the carotid artery. During laparotomy, a splenectomy was performed and the distal aorta and vena cava were surgically accessed to facilitate cross-clamping to create acute hind limb ischemia. The femoral artery and vein of the right hind limb were accessed and fitted with annular ultrasonic flow transducers (Model TS420; Transonic Systems, Inc., Ithaca, NY, USA).
The total blood hemoglobin concentration was lowered by removing blood from the pulmonary artery catheter and replenishing the shed blood with Hextend ® (Hospira, Inc., Lake Forest, IL, USA) to achieve targeted systemic hemoglobin levels of 13 g/dl, 10 g/dl, 7 g/dl, and 4 g/dl. A 20 mg bolus of furosemide was used to hemoconcentrate three of the five animals to elevate the baseline Hbt level to approximately 13 g/dl. To achieve 0.5 g/dl Hbt measured in the right femoral vein, the distal aorta was clamped and Hextend ® was perfused below the cross-clamp site. The right femoral vein was incised to facilitate syringe sampling of the diluted blood effluent. After each targeted systemic Hbt level had been achieved, the StO 2 , THI, cardiac output, femoral artery and venous blood flows, blood pressures, temperature, pH, blood gases, oxygen saturation, lactate, hemoglobin, and base excess measurements were collected. StO 2 and THI were subsequently measured during replicate aorta and vena cava 3-minute cross-clamp occlusions. StO 2 and THI were recorded continuously.
Statistical methods
For the tissue phantom and porcine hind limb experiments, scatter plots and linear regression models were used to describe the relationships between the THI and the independent variables of Hbt and StO 2 . The squared Pearson correlation coefficient [21] was used to assess the degree of model fit. Squaring the correlation coefficient and multiplying it by 100 describes the percentage variability in observed THI attributable to changes in the independent variables.
For the human volunteer studies, mean and one standard deviation values were calculated for all measurement groups. The nonparametric Dunn's multiple-range test was used to evaluate differences between pairs of means for levels within a group. Correlation of StO 2 and THI to numeric data, such as blood pressure, was performed with a Spearman rank twotailed test. All mean tests were evaluated at 95% confidence. The coefficient of variation (standard deviation/mean) was used to evaluate THI variability in human volunteers.
Results
Isolated blood-tissue phantom: tissue hemoglobin index sensitivity to total hemoglobin
The linear regression models of Figure 1 describing the THI as a function of StO 2 were used to predict THI values at zero and 100% StO 2 . This THI difference across the extreme StO 2 range was then divided by the predicted THI at zero StO 2 to obtain the percentage change in the THI reading for full-scale change in StO 2 . The resultant absolute crosstalk errors were 3.1%, 1.4%, and 10.2% for y-intercept THI values of 5.8, 11.4, and 18.0, respectively. Figure 1 also shows that the THI signal has more random noise at the highest tested THI level and has the greatest crosstalk error with StO 2 >90%.
In Figure 2 the THI has a strong linear correlation (r 2 > 0.99) to the hemoglobin concentration in a homogeneous suspension of Intralipid and red blood cells at three different scattering strength levels. A comparison of the linear equation slopes of Figure 2 reveals that a twofold increase in the optical scattering coefficient from 2 to 4/cm causes a 16% increase in THI. An increase in the scattering coefficient from 4 to 8/cm results in a 20% increase in THI. At 4/cm optical scattering, the sensitivity of THI to a change of ±1/cm in optical scattering is estimated to be 5 to 8% of the THI reading. Tables 1 and 2 summarize the variable and attribute demographic study measurements. For 434 volunteers, the THI mean and one standard deviation limit was 14.1 ± 1.6. The THI weakly correlated with StO 2 (Spearman r = 0.243, 95% confidence interval = 0.149 to 0.332). The THI did not correlate with age, height, weight, body mass index, systolic blood pressure, diastolic blood pressure, mean arterial pressure, or heart rate. The coefficient of variation for THI (11%) was less than that for blood pressure (14%) and that for heart rate (16%).
Human study volunteers: normal tissue hemoglobin index range
The THI was lower in smokers versus nonsmokers (14.0 vs. 14.7, respectively; P <0.01) and in reclined posture versus upright posture (13.9 vs. 14.4, respectively; P <0.01). Table 3 summarizes the StO 2 and THI results for all subjects and includes the patient demographic and hemodynamic measurements. A multiple-level comparison test for all rows within each experimental condition of Table 3 indicated statistically different mean StO 2 and THI differences (P <0.05), except for the baseline and baseline recovery measurements for the arterial occlusion, venous occlusion, and blood volume exsanguination conditions. Gender influenced StO 2 baseline resting measurements (females had average StO 2 about 3 units lower than males) but had no statistically significant influence on THI. The measured hand, left hand versus right hand, had no significant influence on the mean measurements (P >0.05; results not shown).
Human study volunteers: induced upper-extremity ischemia and exsanguination
The THI during arterial and venous occlusion exhibited different trends compared with the pre-occlusion THI. At the end of arterial occlusion the THI decreased 4.0 ± 2.0 units, while at the end of venous occlusion the THI increased 1.5 ± 1.0 units. Using Equation (2) with the individual THI values (not shown) measured at the 0° head-of-bed elevation condition prior to ishcemia (THI0) and the nadir condition during Esmarch bandage exsanguination (THI69), the estimated THI for 100% blood volume exsanguination (residual THI) would be 3.7 ± 2.0 units. Tissue hemoglobin index at constant total hemoglobin absorption during variable hemoglobin oxygen saturation. The tissue hemoglobin index (THI) was measured at three constant total hemoglobin absorption conditions during variable hemoglobin oxygen saturation (StO 2 ) conditions. The nominal THI measurements near 6 and 12 were obtained from 6 g/dl and 12 g/dl bovine blood flowing through the dual-layer flow cell apparatus [11] at a blood thickness of 1.0 mm. At 12 g/dl Hbt and 1.5 mm blood layer thickness, the nominal THI of 18 was obtained.
Porcine hind limb: blood hemoglobin dilution
Figure 2
Tissue hemoglobin index at variable total hemoglobin concentration and optical scattering. Correlation of the tissue hemoglobin index (THI) to total tissue hemoglobin concentration (THC) within a homogenous mixture of bovine blood and Intralipid at three background optical scattering conditions, 0.2, 0.4 and 0.8 wt% Intralipid. Bovine blood having 17 g/dl total hemoglobin concentration was stepwise added in 1 ml increments to 500 ml Intralipid solution having 0.9 wt% NaCl, 30 vol% deuterium oxide, and deionized water. The mixture was pumped through a hollow flow cell apparatus [11] and was equilibrated to 6.2% oxygen, 5% carbon dioxide, 7.4 pH and 37ºC. μ s ′, optical scattering coefficient. Thenar eminence THI 14.1 ± 1.60 11
Coefficient of variation = (Mean/Standard deviation) x 100. Variation in the tissue hemoglobin index (THI) among subjects was less than blood pressure and heart rate. StO 2 , tissue hemoglobin oxygen saturation. Data presented as number of subjects or mean ± standard deviation. Posture and smoking habit influenced the tissue hemoglobin index. *Characteristic parameter had a statistically significant effect, P <0.05. na, not applicable. r 2 = 0.929). After locally perfusing the hind limbs with a nonhemoglobin perfusate (Hextend ® ) and obtaining an effluent femoral vein blood hemoglobin concentration near 0.5 g/dl, there was a remaining (residual) THI of 2.8 ± 0.6 units.
With selective venous occlusion, the THI levels increased as shown in Figure 3 . The magnitude of the THI increase with 3 minutes of venous occlusion (ΔTHI) had a stronger association with the blood hemoglobin concentration (ΔTHI = 0.248 Hbt + 0.07, r 2 = 0.624; Figure 4b ) than the steadystate baseline THI value (THI = 0.174 Hbt + 6.14, r 2 = 0.266; Figure 4a ). Table 4 summarizes all hemodynamic measurements recorded for each steady-state hemoglobin condition. No hemodynamic information other than the StO 2 , THI, and blood Hbt was measured during the 0.5 g/dl Hbt condition.
Discussion Isolated blood-tissue phantom: tissue hemoglobin index sensitivity to total hemoglobin
The experiments using the tissue phantom model provide evidence that the THI metric is specific to (Figure 1 ) and Heart rate (beats/minute) 67 ± 11.6
Data presented as mean ± one standard deviation. Baseline measurements were obtained before inducing ischemia. All ischemia and ischemia recovery measurements were performed at 0° bed elevation. The tissue hemoglobin index (THI) mean was manipulated from 7.0 to 18.7 under conditions of constant blood hemoglobin concentration. *Rows having statistically different means, P <0.05. StO 2 , tissue hemoglobin oxygen saturation.
Figure 3
Porcine hind limb tissue hemoglobin index measurements during isovolumetrically diluted arterial blood hemoglobin concentration. The last hemoglobin concentration condition involved purfusing Hextend ® directly into the distal abdominal aorta with a cross-clamp upstream of the pressurized infusion point. Effluent from the femoral vein was then sampled to measure the resultant localized hind limb hemoglobin concentration (0.5 g/dl). a.u., arbitrary units; Hbt, total hemoglobin concentration.
Figure 4
Correlation of tissue hemoglobin index to arterial blood hemoglobin concentration during isovolumetric hemodilution. As shown in the legend the sensitive to ( Figure 2 ) the total amount of hemoglobin for a given optical path length or volume that the detected light signal interrogates. The dual-layer phantom results of Figure 1 show that, at a fixed blood layer thickness, the THI signal doubled -changing from 5.8 to 11.4 -when Hbt was doubled from 6 to 12 g/dl. At constant Hbt (12 g/dl), an increase in the THI from 11.4 to 18.0 was similarly proportional to the increase in blood layer thickness (from 1.0 to 1.5 mm). These results suggest that both vascular Hbt and vascular density or thickness (diameter) would influence THI readings in vivo.
The results of Figure 2 show that the optical scattering properties of tissue can also influence a THI reading. As the optical scattering coefficient increases, the mean distance between scattering events (1/Optical scattering coefficient) increases and therefore the increased traversed distance of detected light (optical path length) results in more total hemoglobin absorption events and thus a greater THI value.
The four-factor range in background optical scattering was chosen to estimate the sensitivity of THI to a change in tissue optical scattering. The resultant <10% THI reading change per 1/cm scattering coefficient change provides a basis for studying how THI might change in vivo using tissue optical scattering properties reported in the published literature.
The reported absolute value for tissue optical scattering measured in vivo on human limbs varies widely, from about 4 to 10/cm, and appears specific to a measured tissue bed, to the reporting research institution, or to the measurement equipment used [22] [23] [24] . Information regarding optical scattering changes for forearm tissue within a fixed NIRS measurement device suggests that optical scattering changes, observed in intersubject variability studies [22, 23, 25] or ischemia studies [26] , does not exceed a factor of two. Although the authors have found no report of optical scattering variation in the thenar eminence tissue bed, the variability in this bed may be less than that in forearm since subcutaneous tissue thickness either from fat or edema is reported to be less variable at the thenar site [27] . The in vivo THI error from an extreme change in optical scattering (twofold change) therefore appears to be less than 20% of the THI reading.
Human study volunteers: normal tissue hemoglobin index range
The present study is the first investigation and report of the THI range in a nonhospitalized large group of human volunteers. The THI mean (14.1) and standard deviation (1.6) values are similar to the reference range for blood hemoglobin concentration (13.5 to 15.1 g/dl) [28] . This closeness of normal THI to normal Hbt reflects how the THI was calibrated against Hbt in a phantom tissue model mimicking the optical attenuation of tissue with normal levels of hemoglobin when measured with a 15 mm optical probe spacing. Different optical probe spacings and tissue locations can yield significantly different results. For instance, the author's stomach, which has about 1 inch of adipose thickness, measured a THI of 5 units compared with near 14 units on the thenar when using a 15 mm optical probe spacing distance. Adipose tissue has less dense vasculature than muscle and is estimated to have one-third of the THC of Arterial total hemoglobin (g/dl) a 13.6 (13 to 14.6) 9.7 (9.3 to 10.5) 6.9 (6.5 to 7.4) 3.9 (3 to 4.7)
Cardiac output (ml/min/kg) 110 ± 47 131 ± 37 160 ± 77 168 ± 98
Femoral artery flow (ml/min/kg) 4.8 ± 1.6 6.0 ± 2.2 5.9 ± 1.9 6.1 ± 2.0
Heart rate (beats/minute) 97 ± 9 [29] . A 25 mm optical spacing on the thenar can produce a normal THI value near 22 units [6] since the 25 mm probe, compared with a 15 mm probe, results in a significantly larger optical path length. The PSF of Equation (1) would need to be utilized to allow different optical probe spacings to have a common THI scale.
Our previous research identified that the mean THI from 10 healthy volunteer subjects and 10 sepsis patients closely resembled the mean Hbt measurements in both groups [5] . The correlation of THI to Hbt for individually paired measurements within the sepsis patient cohort, however, had only weak linear correlation to Hbt (r 2 = 0.14) [30] , similar to the results of the porcine hind limb hemodilution study.
Variation in optical scattering properties of the thenar eminence tissue between the 434 measurement subjects is unknown. The observed coefficient of variation for the THI, equal to 11%, is less than the calculated coefficients of variation for other hemodynamic variables of this study (15% for systolic blood pressure and 16% for heart rate) ( Table 1 ). The relatively low coefficient of variation for normal THI indicates that optical scattering variation does not significantly confound THI measurements. We have seen THI values near 4 units in hospitalized sepsis patients [30] , which indicates that the THI in patients can be well outside the normal reference range in nonhospitalized study subjects (14.1 ± 1.6 units). More investigation is needed to determine whether an abnormally low THI reading is diagnostically useful or relevant to a patient's health status or treatment.
Human study volunteers: induced upper-extremity ischemia and exsanguination
A total of 30 human subjects underwent acute arm ischemia conditions evoked by arterial occlusion, venous occlusion, and blood volume exsanguination. Head-of-bed elevation, used clinically to mitigate ventilator-associated pneumonia and elevated intracranial pressure [31, 32] , was evaluated for its effect on THI and StO 2 variability. The main findings of the present study are that the THI trend during cuff-induced ischemia differentiated arterial and venous blood flow occlusions, and that the residual THI signal when extrapolated to 100% blood volume exsanguination was 3.7 ± 2.0 THI units. Since the blood hemoglobin concentration would be fairly constant during the study measurements, the results indicate that regional ischemia and posture could confound any correlation between the THI and Hbt.
Venous occlusion with a pneumatic cuff initially stops venous blood flow until the venous pressure increases above the occlusion pressure. A reduced venous flow resumes once the venous pressure rises above the cuff pressure [33] . This could explain why StO 2 during venous occlusion had limited change (an approximately 14 StO 2 unit decrease) compared with arterial occlusion (an approximately 54 StO 2 unit decrease). While StO 2 decreased during both venous and arterial occlusion, the THI increased 1.5 ± 1.0 units with venous occlusion and decreased 4.0 ± 2.0 units with arterial occlusion. These results suggest that the THI trend during ischemia might help to identify whether a flow resistance or blockage is emanating from the venous or arterial vascular compartment, similar to other studies measuring NIRSderived relative THC changes in muscle free flaps [34] . The porcine hind limb THI readings always increased during distal vena cava cross-clamp occlusion (Figures 3 and 4b) , while aorta cross-clamping caused the THI to always drop as indicated in Figure 3 . While a rise in the THI during venous occlusion is expected because of venous pooling and blood volume congestion, decreases in the THI during arterial occlusion may have been caused by blood volume reduction. Other NIRS researchers have noted a decrease in total hemoglobin NIRS signals during arterial occlusion [35] [36] [37] . In compliant blood vessels, a decrease in arterial vascular pressure would reduce the vascular volume and hence cause the THC and THI to decrease.
The posture of the limb and the influence of gravity might also affect blood drainage and movement out of the measured vascular space. The head-of-bed elevation results of Table 3 show that StO 2 decreased on average 6 units with 60° of elevation while the average THI slightly increased 0.6 units.
The sitting upright and reclined results in Table 2 also show that the average StO 2 was 5 units lower while the average THI was 0.5 units higher with an upright posture. These results confirm that limb posture can have a measurable influence on StO 2 and THI measurements. With the arm positioned below heart level, the hand's venous pressure and venous blood volume would increase. The lower oxygen saturated venous blood could then become a larger fraction of the total blood volume that StO 2 is measuring, and thus lower the StO 2 .
Other researchers have used scintillation X-ray measures to demonstrate that Esmarch bandage exsanguination of the lower forearm causes a 69% reduction in tissue blood volume [38] . We assume that the similar exsanguination technique of our study produces a similar 69% reduction in tissue blood volume. The nadir THI during the exsanguination procedure was 7.0 ± 1.6 units. Extrapolation to 100% blood volume reduction from a baseline THI value of 14.6 (Equation (2)) results in an estimated residual THI value of 3.7 ± 2.0 units. This residual value may indicate that the maximum potential contribution of myoglobin to the THI signals is approximately ≤25% of the baseline THI values in healthy volunteers. The 3.7 ± 2.0 nadir THI value in the present study compared with the 2.8 ± 0.6 residual THI value determined in the porcine hind limb study can possibly be explained by the higher concentration of myoglobin reported in human muscle compared with porcine muscle (4.7 mg/g and <1 mg/g wet weight, respectively) [39, 40] . The nonzero venous Hbt level (0.5 g/dl) would elevate the residual THI in the porcine study and cause an overestimation of the myoglobin contribution. Deviations from the 69% blood volume exsanguination assumption for the human limb exsanguination experiments would change the estimated myoglobin contribution to human thenar THI measurements.
Since the average THI value in 434 human thenar tissue sites (14.1 ± 1.6) was greater than the average THI value in five porcine hind limbs (8.3 ± 1.1), the potential contribution of myoglobin to the human thenar THI is lower. However, it is evident that the contribution of myoglobin to a THI signal potentially changes for any given level of THI. For instance, in human thenar tissue with a normal THI value of 14.1, the myoglobin contribution may be limited to 25%; but at a THI level of 5, the myoglobin contribution might approach 75%. A THI measurement can therefore help to identify the tissue compartment, cellular versus vascular, where StO 2 is predominantly measured. It is not clear whether myoglobin and StO 2 change concomitantly or independently in resting muscle [41] . Our previous work involving measurement of StO 2 in oxygen consumption-inhibited porcine organs having myoglobin (heart and hind limb) and not having myoglobin (kidney) suggested that myoglobin did not significantly influence StO 2 specificity to hemoglobin oxygen saturation measured from arterial and venous blood samples [11] . Regardless of myoglobin's contribution to NIRS signals, a low StO 2 resulting from either myoglobin or hemoglobin desaturation would indicate a lower oxygen reserve available to the tissue.
Porcine hind limb: blood hemoglobin dilution
The isovolumetric hemodilution experiments indicate that the THI is not a direct measure of Hbt, although THI trends might indicate a changing Hbt. Whereas tissue phantom experiments indicated a strong linear correlation (r 2 > 0.99; Figure 2 ) of the THI to total hemoglobin changes, the in vivo correlation of the THI to Hbt was nonlinear from 14 to near 0 g/dl and was only weakly linear (r 2 = 0.26; Figure 4a ) within the physiologic relevant range, from 4 to 16 g/dl.
NIRS optical signals originate primarily from the arteriolar, capillary, and venule microvascular compartments [42] . The relative amount of blood in each of these compartments determines where an attenuated or absorbed optical signal is being measured. In resting muscle tissue, one-third to onehalf of the capillaries are open and perfused with blood [43] . Vascular tone reduction (vasodilation) and a resultant capillary recruitment from higher capillary pressure could explain why THC, and hence the THI, might be preserved even though dramatic changes in blood hemoglobin concentration occur. The general increase in cardiac output and femoral artery blood flow (Table 4) during Hbt dilution would result from microvascular arteriole vasodilation and additional blood flow to newly opened capillaries. In human volunteer subjects in whom the blood Hbt was reduced to 5.0 g/dl, researchers have observed decreased systemic vascular resistance and increased cardiac index [44] . A reduction in blood viscosity from hemodilution would decrease flow resistance and would also contribute to the observed increase in the systemic and local blood flows [45] .
Myoglobin could be a significant factor contributing to the lack of correlation between the THI and Hbt as well as between StO 2 and mixed venous hemoglobin oxygen saturation (Table 4 ) since hemoglobin and myoglobin have similar absorption characteristics in the near-infrared wavelength region (650 to 900 nm) [46] . The estimated contribution of myoglobin to NIRS-derived hemoglobin signals is unclear. Reports have ranged from suggesting that nearly all of the NIRS-derived signal is from myoglobin [47] to suggesting 90% of the signal is coming from hemoglobin [42, 48] . Other studies have suggested that the myoglobin contribution is linked to the blood hemoglobin concentration since the constant concentration of tissue myoglobin becomes a larger fraction of the NIRS signal as the hemoglobin signal is diluted [49] . The results of our porcine study suggest that the THI may be useful in interpreting the potential contribution of myoglobin to NIRS-derived signals such as StO 2 . The residual THI of 2.8 ± 0.6 units, observed when the femoral vein hemoglobin concentration was 0.5 g/dl, suggests that the average myoglobin signal was no more than 40% of the average THI value (equal to 6.8 ± 1.0) when blood Hbt was near 4 g/dl, and was no more than 34% of the average THI value (equal to 8.3 ± 1.0) with blood Hbt near 13 g/dl. Other researchers have found in isolated porcine hearts that the myoglobin contribution may range from 63 to 46%, with one-half (5.1 ± 0.4 g/dl Hbt) and whole blood perfusate mixtures, respectively [49] .
Venous cuff occlusion techniques have been used to isolate NIRS signals to the nonpulsating venous blood compartment [50, 51] . The increased venous pressure causes venous pooling and a subsequent increase in THI. In Figure 4 the right limbs have slightly higher THI, and ΔTHI could be from venous obstruction from the flow transducer applied to the right hind limb femoral vein. The magnitude of the THI increase following a 3-minute period of 50 mmHg venous occlusion pressure produced a differential THI signal (ΔTHI) that had a significantly better correlation to Hbt compared with steady-state THI measurements. The y intercept of 0.07 in Figure 4b indicates that any offset from myoglobin absorption is potentially removed and a stronger linear relationship to Hbt is obtained (r 2 = 0.62 vs. r 2 = 0.26; Figure 4 ). Further studies may be warranted to examine whether the THI combined with venous occlusion techniques can be optimized to produce a reliable continuous non-invasive measurement indicative of Hbt status.
After surgical preparation and before beginning the porcine hemodilution experiments, it was observed that the starting hind limb THI was approximately one-half of the average THI value (14.1 ± 1.6 units) measured on the thenar eminence of human subjects. Postoperative porcine Hbt levels were low, about 10 g/dl, possibly stemming from the age of the pigs and from the fluids given during the surgical phase of the experiment. A 20 mg bolus of furosemide diuretic was used to hemoconcentrate three of the five animals to boost the starting hemoglobin level. At 13.6 ± 0.9 g/dl Hbt, the average hind limb THI value of 8.3 ± 1.1 units was still much lower than that observed in humans. Differences in tissue blood volume, resulting from differences in vascular density or myoglobin concentration between the human thenar and porcine hind limb, could account for the significantly different observed baseline THI values. The results of the human blood exsanguination experiments (see the exsanguination discussion section), however, indicate that myoglobin differences between human and porcine muscle may be less relevant to this THI difference. Differences in the optical scattering properties of porcine hind limb and human thenar eminence could also be a contributing factor for the lower observed THI baseline in the porcine hind limb. The subcutaneous tissue thickness of the hind limbs, more similar to that in the thenar eminence (about ≤1.5 mm), would make optical scattering differences less likely to have caused the THI differences.
Conclusions
Steady-state THI values do not reliably indicate the blood hemoglobin concentration. Regional ischemia and posture can significantly affect THI readings under conditions where the blood hemoglobin concentration is constant. The contribution of myoglobin to the THI and StO 2 is dependent upon the THI magnitude. At a THI of 4, nearly all of the THI and StO 2 signal measured on thenar eminence is from myoglobin. At normal THI (>10), the THI and StO 2 signals are mostly from THC.
